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Iron-catalyzed allylation of ketones
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Abstract—Allylation of ketones has been efficiently performed using iron-complex catalysis and led to homoallylic alcohols in high
yields.
� 2006 Elsevier Ltd. All rights reserved.
The allylation of carbonyl compounds by means of
allylic metal reagents is a very important class of C–C
bond forming reactions, since it gives rise to syntheti-
cally useful homoallylic alcohols.1 These compounds
can be easily converted to various building blocks useful
for the synthesis of natural products.2 Different methods
of allylation have been developed mainly based on the
nucleophilic character of the allylmetal obtained from
allyl bromides and metallic species (metal = Li,3 Mg,4

Al,5 Zn,6 Ni,7 etc.). More recently allylic organometallic
compounds, such as allyl-chromium,8 -indium,9 -manga-
nese,10 -silane,11 -boronate,12 -stannane,13 etc., have
been examined. Allylation of carbonyl compounds from
allylic acetate requires the use of palladium as catalyst,
in addition to another metal or a reducing salt.14 In
most cases, only aldehydes are reactive. The allylation
of ketones seems more difficult, except in the presence
of SmI2.15 Allylstannane or allylsilane also permits the
allylation of ketones, and enantioselective approaches
are even known in this field.16 In our laboratory, we
have shown that a cobalt-catalyzed coupling reaction
of allyl acetates with carbonyl compounds using zinc
dust as reducing metal leads to homoallylic alcohols.17

Another access to allylic anions is their electrochemical
generation, for example using catalytic amount of tin
and allyl bromide.18 We already described some electro-
chemical processes for the synthesis of homoallylic
alcohols.19
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With the intention of having a less toxic process, iron
species have been added to the relatively large list of cat-
alysts known to carry out allylation reactions.20 Ally-
lation of aldehydes with allyl trimethylsilane occurs
also with FeCl3.20b In the same time, we initiated a work
investigating iron catalysis21 because of the abundance
of the metal, its low toxicity, and its cheap price. We
have recently reported iron-catalyzed electrochemical
allylation reactions of carbonyl compounds.22 In this
reaction homoallyl alcohols are prepared from alde-
hydes or ketones and allylic acetates, using an electro-
chemical process catalyzed by iron complexes. The
reaction proved to be highly regioselective, affording
almost exclusively branched homoallyl alcohols. How-
ever, electrochemical reactions are often considered as
being less scalable than conventional classical methods.
Thus, electrochemical processes are infrequently applied
in industrial scale. We have then reported a chemical
method for an iron Reformatsky type reaction, using
FeBr2 as catalyst in the presence of an appropriate
reducing metal.23 We intended to show that this method
can be suitable for the activation of allyl acetates. We
present in this paper the investigation of iron-catalyzed
coupling reaction from allyl acetates with ketones
(Scheme 1), leading to homoallylic alcohols.

We first conducted a series of experiments with allyl
acetate and ketones under the reaction conditions
previously used for the Reformatsky reaction23
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Scheme 1. The allylation reaction.
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(i.e., FeBr2bipy (0.25 equiv) as catalyst in DMF or
FeBr2 (0.15 equiv) without ligand in acetonitrile). Man-
ganese metal was used as reducing metal of iron salts.
We observed at first that the reaction is best performed
at 80 �C, and that chemical yields are better using 25%
of FeBr2bipy in DMF, than FeBr2 in acetonitrile. How-
ever, even at this temperature, chemical yields of homo-
allylic alcohols are low: about 30–40%, whatever the
method used, the amount of iron salts or the ketones.
The reaction appears to stop, since carbonyl compounds
are recovered at the end (see the kinetics in Fig. 1). We
tried then to optimize the reaction conditions using
FeBr2bipy in DMF (Scheme 2).

In all cases, the reactions seem to be blocked at one
stage (Table 1). Ketones and allyl acetates are no more
consumed. We supposed then a complexation step of
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Figure 1. Evolution of the cross-coupling product between aceto-
phenone and allylOAc as a function of ZnBr2.
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Scheme 2. Allylation catalyzed by FeBr2bipy in DMF as solvent.

Table 1. Allylation of ketones using FeBr2bipy as catalyst

Entry Ketones Yields (%) of
coupling producta

1 O 40b

2 O 43c

3

O

39

4
O

31

a Isolated yields, based on initial ketone.
b Reaction time: 30 h.
c Reaction conducted with 1 equiv of Me3SiCl; reaction time: 3 h.
iron salts by acetate ions generated during the process.
However, we found that the yields could not be in-
creased by the use of larger amounts of the iron catalyst
(even with 1 equiv), or with addition of 1 or 2 equiv of
Me3SiCl, even if the reaction occurs quickly in this case
(Table 1, entries 1 and 2). Moreover, when we ran the
reaction without carbonyl compounds, we obtained
the quantitative formation of hexadiene, thus confirm-
ing the formation of the p-allyl-iron complex. As allyl
acetate is totally consumed, nothing prevents the reac-
tion to go at the end. We then tried to add another salt
like LiCl or ZnBr2. Chemical yields increased only in the
presence of ZnBr2. As shown in Figure 1, best results are
obtained with 50 mol % of ZnBr2. We could suppose
that the p-allyl-iron, generated during the process,
reacted with ZnBr2 to lead a p-allyl-zinc species.

After optimization the best conditions were found to be
0.25 equiv of FeBr2bipy in the presence of 0.5 equiv of
ZnBr2, providing 50 to 80% of homoallylic alcohols in
5 h approximatively as shown in Table 2.25 Chemical
yields are moderate to good. Therefore, the use of iron
in the presence of zinc salts allows the coupling between
allyl acetate and ketones. This method is efficient with
aliphatic, cyclic, as well as aromatic ketones (Table 2).
No conjugated addition was observed with cyclohexe-
none, thus indicating that the reaction is regiospecific
(Table 2, entry 5).

We then tried to realize the reaction between cyclohexa-
none and allyl acetate under the same conditions but
without FeBr2bipy as catalyst. In this case, no coupling
product was obtained even after five days. The iron
catalysis is necessary to obtain the coupling product.
Table 2. Allylation of ketones using FeBr2bipy as catalyst, in the
presence of ZnBr2

Entry Ketones Yields (%) of
coupling producta

1 O 79

2
O

61

3 O 51

4
O

41b

5 O 71

6

O

68

7 S
O

53

a Isolated yields, based on initial ketone.
b 50% of ketone is recovered.
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The chemistry of allylic compounds also includes the
additional regiochemical aspect. So we ran a series of
experiments with the same experimental procedure,
using crotyl acetate (or its allylic isomer), instead of allyl
acetate. Reactions involving allylic derivatives generally
give two isomeric products due to allylic transposition
(Scheme 3).

The ratio of branched to linear alcohol (B/L) is known
to depend mainly on the nature of the metal in the orga-
nometallic reagent.1a,24 In our hands, the major product
formed in these reactions is the branched one B, with an
approximate ratio B/L of 9/1 (Table 3). However, the
regioselectivity decreased with reaction time (Table 3,
entries 5 and 6) and isomerization was complete after
a day (Table 3, entry 3).

The yields are moderate to good and do not seem to
greatly depend on the nature of the butenyl acetate
(crotyl or its isomer) (Table 3, entries 1 and 2). So, crotyl
acetate and 1-methyl prop-2-enyl acetate are as efficient
in this coupling reaction: same yield, and same B/L
ratio.
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Scheme 3. Regioselectivity of the iron-catalyzed addition of crotyl
acetate to ketones.

Table 3. Regioselectivity in the iron allylation reaction

Entry Ketones Allylic compoun
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O
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O
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O
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a Isolated yields, based on initial ketone.
b Ratio B/L = 20/80 if the alkoxide is hydrolyzed after only 24 h.
c Product B: anti/syn: 55/45.
d Reaction time is longer than 5 h, so ratio B/L = 95/5 after 3 h and 80/20 a
In the case of dissymetric carbonyl compounds (Table 3,
entries 5 and 7), we obtained the coupling product, as
two couples of diastereoisomers, with a very moderate
diastereoselectivity. The ratio anti/syn is 55/45.

Even if the reaction is regioselective in favor of the
branched product, the coupling product isomerizes into
the linear coupling product if the alkoxide is left to stir
after the end of the reaction (Table 3, entry 3). We have
access to both isomers, depending on the reaction time.
If the crude product is hydrolyzed immediately after the
end of the reaction (ca. 5 h), the branched product is ob-
tained as the main product. Instead, if the desired prod-
uct is the linear isomer, we just have to wait 24 h before
quenching the reaction. An equilibrium should exist
between the kinetic and the thermodynamic isomers,
probably initiated by a reversible reaction of allylation
(Scheme 4).

We supposed that the reversibility is due to the presence
of zinc in the solution. If the reaction is run with crotyl
acetate without ZnBr2, homoallylic alcohols are
obtained in poor yields (ca. 30%) with a B/L ratio of
ds Yieldsa (%) Ratio B/L

80 95/5

77 94/6

86 82/18b

41 90/10

51c 80/20d

69 75/25d

69c 87/13
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Scheme 4. Equilibrium between homoallylic alkoxides.
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95/5 even after 12 h. The reversibility of allylation using
allylic organozinc reagent has already been reported by
Miginiac et al.,6a,b who mentioned that homoallylic
alcohol are obtained initially with a ratio B/L of
50/50, and of 0/100 after 12 h.

In conclusion, we have reported in this paper an original
method of efficient addition of allylic acetates to
ketones, enabling the preparation of valuable target
molecules: homoallylic alcohols. The method is also very
easy, cheap, and low toxic, compared to the other meth-
ods described in the literature, where palladium com-
plexes, in the presence of another reducing salt, must
be used to activate allyl acetate. The reduction of FeII

by manganese metal probably leads to Fe0, which is sta-
bilized by 2,2 0-bipyridine. Reactions are regioselective:
the branched product B is the major product, but the
process permits the obtention of the linear isomer.
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